Transient global or forebrain ischemia induced experimentally in animals can cause selective, delayed neuronal death of hippocampal CA1 pyramidal neurons. A striking feature is a delayed rise in intracellular free Zn 2؉ in CA1 neurons just before the onset of histologically detectable cell death. Here we show that ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type glutamate receptors (AMPARs) at Schaffer collateral to CA1 synapses in postischemic hippocampus exhibit properties of Ca 2؉ ͞Zn 2؉ -permeable, Glu receptor 2 (GluR2)-lacking AMPARs before the rise in Zn 2؉ and cell death. At 42 h after ischemia, AMPA excitatory postsynaptic currents exhibited pronounced inward rectification and marked sensitivity to 1-naphthyl acetyl spermine (Naspm), a selective channel blocker of GluR2-lacking AMPARs. In control hippocampus, AMPA excitatory postsynaptic currents were electrically linear and relatively insensitive to Naspm. Naspm injected intrahippocampally at 9 -40 h after insult greatly reduced the late rise in intracellular free Zn 2؉ in postischemic CA1 neurons and afforded partial protection against ischemia-induced cell death. These results implicate GluR2-lacking AMPA receptors in the ischemia-induced rise in free Zn 2؉ and death of CA1 neurons, although a direct action at the time of the rise in Zn 2؉ is unproven. This receptor subtype appears to be an important therapeutic target for intervention in ischemia-induced neuronal death in humans.
Transient global or forebrain ischemia induced experimentally in animals can cause selective, delayed neuronal death of hippocampal CA1 pyramidal neurons. A striking feature is a delayed rise in intracellular free Zn 2؉ in CA1 neurons just before the onset of histologically detectable cell death. Here we show that ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type glutamate receptors (AMPARs) at Schaffer collateral to CA1 synapses in postischemic hippocampus exhibit properties of Ca 2؉ ͞Zn 2؉ -permeable, Glu receptor 2 (GluR2)-lacking AMPARs before the rise in Zn 2؉ and cell death. At 42 h after ischemia, AMPA excitatory postsynaptic currents exhibited pronounced inward rectification and marked sensitivity to 1-naphthyl acetyl spermine (Naspm), a selective channel blocker of GluR2-lacking AMPARs. In control hippocampus, AMPA excitatory postsynaptic currents were electrically linear and relatively insensitive to Naspm. Naspm injected intrahippocampally at 9 -40 h after insult greatly reduced the late rise in intracellular free Zn 2؉ in postischemic CA1 neurons and afforded partial protection against ischemia-induced cell death. These results implicate GluR2-lacking AMPA receptors in the ischemia-induced rise in free Zn 2؉ and death of CA1 neurons, although a direct action at the time of the rise in Zn 2؉ is unproven. This receptor subtype appears to be an important therapeutic target for intervention in ischemia-induced neuronal death in humans.
glutamate ͉ 1-naphthyl acetyl spermine ͉ neurodegeneration T ransient global or forebrain ischemia arising because of cardiac arrest, near drowning, or open heart surgery, affects 150,000 Americans each year. Global ischemia in humans or induced experimentally in animals causes selective and delayed neuronal death and in many cases delayed onset of neurological deficits (for review, see refs. 1 and 2). Pyramidal neurons in the hippocampal CA1 are particularly vulnerable. Histological evidence of degeneration is not observed until 2-3 d after ischemia in rats or 3-4 d in gerbils (3) (4) (5) (6) . Excessive stimulation of glutamate receptors (excitotoxicity) is a fundamental mechanism underlying ischemia-induced neuronal death. Although initial studies focused on NMDA-type glutamate receptors (GluRs; NMDA receptors) as a critical mediator in focal ischemic injury, subsequent studies support a more central role for ␣-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid (AMPA)-type glutamate receptors in the hippocampal injury associated with global ischemia (7) (8) (9) .
AMPA receptors (AMPARs) are tetrameric assemblies of subunits GluR1-GluR4 (or GluRA-GluRD) and are encoded by separate genes, which are differentially expressed throughout the CNS (for review, see ref. 10). AMPARs assembled from GluR1, GluR3, and GluR4 subunits (lacking the GluR2 subunit) are permeable to Ca 2ϩ and Zn 2ϩ (11) (12) (13) and are blocked by intracellular polyamines in a voltage-dependent manner, giving rise to their characteristic inwardly rectifying current-voltage (I-V) relations (14, 15) . The presence of the edited GluR2 subunit [GluR2(R)] in recombinant AMPARs greatly reduces Ca 2ϩ ͞Zn 2ϩ permeability (11) (12) (13) , voltage-dependent block by polyamines (14-16), and single-channel conductance (17) due to the presence of an Arg residue in the pore-lining region. The presence of GluR2(R) also influences AMPAR assembly, forward trafficking from the endoplasmic reticulum, recycling, and targeting to synaptic sites (16, (18) (19) (20) . Principal neurons of the hippocampus express primarily GluR2-containing AMPARs (21); thus, an acute change in the level of GluR2 expression could have significant consequences for neuronal survival. The relative expression of GluR2 in neurons is not static but is regulated in a cell-specific manner during development (22) and is altered after seizures (23, 24) , ischemic insult (25, 26) , or treatment with antipsychotics, drugs of abuse, or corticosteroids (for review, see ref. 27) .
Considerable evidence supports a role for GluR2-lacking Ca 2ϩ ͞Zn 2ϩ -permeable AMPARs in global ischemia-induced neuronal death (for review, see ref. 27 ). Global ischemia triggers down-regulation of GluR2 gene expression and protein abundance (25, 28) and enhances AMPAR-mediated Ca 2ϩ influx in vulnerable CA1 pyramidal neurons before the onset of neuronal death (26) . Ischemia induces prolonged, Ca 2ϩ -dependent AMPA excitatory postsynaptic currents (EPSCs) at CA1 synapses, which are inwardly rectifying (29) and sensitive to the Ca 2ϩ -permeable AMPARs channel blockers, Joro spider toxin, and 1-naphthyl acetyl spermine (Naspm) (30, 31) . These findings provide molecular and functional evidence for enhanced expression of GluR2-lacking, Ca 2ϩ ͞Zn 2ϩ -permeable receptors at CA1 synapses of postischemic brain and predict enhanced vulnerability of CA1 neurons to ambient glutamate. Consistent with this finding, knockdown of the GluR2 gene by administration of antisense oligonucleotides, even in the absence of an ischemic insult, causes death of pyramidal neurons (32) , and overexpression of Ca 2ϩ -permeable GluR2(Q) channels in vivo promotes ischemia-induced death of normally resistant CA3 pyramidal cells and dentate gyrus granule cells (29) . Moreover, overexpression of Ca 2ϩ -impermeable GluR2(R) channels protects CA1 neurons against ischemia-induced neuronal death (29) .
The present study was undertaken to determine the functional properties of synaptic AMPARs in postischemic hippocampus and to examine a possible causal role for GluR2-lacking AMPARs in the late rise of intracellular Zn 2ϩ and neuronal death. Here we show that AMPA EPSCs at Schaffer collateral to CA1 synapses of postischemic hippocampus exhibit properties characteristic of GluR2-lacking AMPARs before histologically detectable neuronal death. Moreover, a blocker selective for GluR2-lacking AMPARs substantially reduces Zn 2ϩ accumulation and postischemic death of CA1 neurons, consistent with a role for these receptors in ischemia-induced delayed cell death.
Materials and Methods
Global Ischemia and Naspm Administration. Male Sprague-Dawley rats (150-200 g; Charles River Laboratories) were subjected to transient global ischemia or sham operation by four-vessel occlusion as described in ref. 33 . Detailed procedures are described in Supporting Materials and Methods, which is published as supporting information on the PNAS web site. At indicated times after surgery, animals were anesthetized with halothane as above, restrained in a stereotaxic apparatus, and injected intrahippocampally with Naspm or saline (see Supporting Materials and Methods).
RT-PCR.
To assess restrictive-element-1-silencing transcription factor (REST) and GluR2 mRNA abundance, animals were killed at the indicated times after surgery and the hippocampal CA1 was removed. RNA isolation, reverse transcription, and DNA amplification were performed according to the manufacturer's instructions (Invitrogen). 
Results

Global Ischemia Suppresses GluR2 mRNA Expression in Hippocampal
CA1. Global ischemia activates the REST͞neuron-restrictive silencer factor selectively in CA1 (33) . REST is a 9-zinc-finger transcription factor that suppresses neuron-specific target genes (23) . A well characterized target of REST is the AMPAR subunit GluR2, which is suppressed in CA1 before neuronal death (33) . We first assessed the time course of REST activation and GluR2 suppression in CA1 by RT-PCR. In control CA1, REST mRNA abundance was low. Ischemia triggered an increase in REST mRNA expression in CA1, evident as late as 48 h [increase to 1.68 Ϯ 0.24 times control at 6 h (n ϭ 5; P Ͻ 0.05 vs. control), 2.24 Ϯ 0.36 times control at 12 h (n ϭ 5; P Ͻ 0.01), 1.95 Ϯ 0.23 times control at 24 h (n ϭ 5; P Ͻ 0.01), and 2.18 Ϯ 0.23 times control at 24 h (n ϭ 5; P Ͻ 0.001)] ( Fig. 1 a and b) . In control CA1, GluR2 mRNA expression was pronounced. Ischemia induced a significant reduction in GluR2 mRNA at 6 and 12 h after ischemia and a greater reduction at 24 and 48 h, times before cell death [reduced to 0.82 Ϯ 0.06 times control at 6 h (n ϭ 5; P Ͻ 0.05 vs. control), 0.73 Ϯ 0.04 times control at 12 h (n ϭ 5; P Ͻ 0.001), 0.56 Ϯ 0.06 times control at 24 h (n ϭ 5; P Ͻ 0.001), and 0.55 Ϯ 0.01 times control at 48 h (n ϭ 5; P Ͻ 0.001)] ( Fig. 1 a and c) . In contrast, actin mRNA was unchanged at all times examined (Fig. 1a) . These findings are consistent with findings that REST represses GluR2 gene expression (33) .
Synaptic Currents in Postischemic CA1 Neurons Exhibit Properties of
GluR2-Lacking AMPARs. Ischemia-induced suppression of GluR2 mRNA expression in CA1 would be expected to alter AMPAR subunit composition and properties at CA1 synapses. To examine AMPAR EPSCs in postischemic neurons, we subjected rats to sham operation or global ischemia and prepared acute slices at 40-44 h after reperfusion. GluR2-lacking AMPARs are blocked by internal polyamines, which results in a characteristic inwardly rectifying I-V relation (14) (15) (16) (36) (37) (38) ; moreover, EPSCs of GluR2-lacking receptors tend to decay more rapidly than those of GluR2-containing receptors (39). We measured AMPA EPSCs evoked by Schaffer collateral stimulation in the presence of 25 M D-2-amino-5-phosphonovaleric acid and 100 M picrotoxin to block NMDA and GABA postsynaptic currents and included 1 mM spermine in the recording pipette to prevent loss of rectification due to diffusion of polyamines out of the cell into the pipette. In control slices, the I-V relation of the peak AMPA EPSC was linear from Ϫ60 to ϩ40 mV ( Fig. 2a) , whereas, in postischemic slices, the AMPA EPSCs at CA1 synapses exhibited rectification. The amplitude was reduced at positive membrane potentials compared with that at negative potentials (Fig. 2b) . The rectification index (RI), defined as (EPSC amplitude at ϩ40 mV͞EPSC amplitude at Ϫ60 mV) ϫ 1.5 to correct for the difference in driving force, varied between 0.9 and Representative agarose gel electrophoresis of RT-PCR products obtained with primers specific to REST, GluR2, and actin mRNAs. The REST mRNA signal was low in control CA1 and increased by 6 h after ischemia; it reached a plateau at 12 h that was maintained at least until 48 h. The GluR2 mRNA signal was prominent in control CA1 and was decreased by 6 h after ischemia; it was further decreased at 12 and 24 h and remained decreased until at least 48 h. No changes were detected in actin mRNA expression. (b and c) Quantitation of REST (b) and GluR2 (c) mRNA abundance after global ischemia (n ϭ 5 per time point). Band densities for REST and GluR2 were normalized to the corresponding band density for actin and expressed as the ratio of the band density for the experimental sample to the band density of the corresponding control sample. Bars represent means Ϯ SEMs. Statistical significance was assessed by Student's unpaired t test of each band density vs. its control ( * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001). cntrl, control.
1.5 for CA1 pyramidal neurons in control slices (mean RI ϭ 1.06 Ϯ 0.09; n ϭ 6). The RI was markedly reduced in slices from postischemic animals (range: 0.44-0.5; average ϭ 0.48 Ϯ 0.01; n ϭ 6; P Ͻ 0.001 vs. control) (Fig. 2c) . In addition, the decay time constant of the EPSCs was significantly faster in postischemic neurons ( ϭ 10.0 Ϯ 0.3 ms; n ϭ 4) than in control neurons ( ϭ 18.1 Ϯ 1.2 ms; n ϭ 4; P Ͻ 0.01 control vs. postischemic). The inwardly rectifying I-V relations and faster decay time constants indicate that, in postischemic CA1 neurons, a substantial fraction of the AMPA EPSC is mediated by GluR2-lacking AMPARs.
As a further test for GluR2-lacking AMPARs, we recorded AMPA EPSCs in the absence and presence of Naspm (250 M), a synthetic analog of Joro spider toxin and a relatively selective channel blocker of GluR2-lacking AMPARs (40) . In AMPARs containing the edited GluR2 subunit, the positively charged Arg in the pore-forming region reduces the block by Naspm (41) . In postischemic slices, bath application of Naspm (250 M) inhibited AMPA EPSCs at Schaffer collateral synapses by 38.5 Ϯ 2.9% of the initial amplitude (holding potential, Ϫ60 mV; n ϭ 6) ( Fig. 2 d and e) . Subsequent bath application of GYKI-53655 (50 M), a broad-spectrum AMPAR antagonist, almost completely blocked the EPSCs (by 96.7 Ϯ 1.6%; n ϭ 4) (Fig. 2 d and  e) , indicating that the currents remaining after Naspm were mediated by AMPARs. In sham-operated slices, bath applica-
than that observed after ischemia (P Ͻ 0.01 control vs. after ischemia). Together, these findings indicate enhanced expression of GluR2-lacking AMPARs in CA1 pyramidal neurons after ischemia.
Naspm Protects Against Ischemia-Induced Death of CA1 Neurons in
Vivo. To test whether ion fluxes through Ca 2ϩ ͞Zn 2ϩ -permeable AMPARs mediate ischemia-induced cell death, we examined whether Naspm protects CA1 neurons when administered at various times after ischemia. We subjected rats to global ischemia or sham operation and injected Naspm directly into the hippocampus at 9, 14, 20, 30, or 40 h after ischemia or at 30 or 40 h after sham operation and assessed neuronal death histologically (representative sections in Fig. 3 a-j; summary data in Fig. 3k ). Cell counts were obtained from animals killed 5 d after ischemia or sham operation, and the values were normalized to counts in sham-operated animals in the same group. Global ischemia induced delayed and selective death of pyramidal cells in CA1, evident at 5 d (Fig. 3 e and (Fig. 3 g-j illustrates the greatest protection for 30 and 40 h). Cell counts showed an increase of neuronal survival in CA1 to 32.4 Ϯ 4.7% of control at 9 h (n ϭ 8, P Ͻ 0.01 vs. ischemia), 27.4 Ϯ 3.9% of control at 14 h (n ϭ 13, P Ͻ 0.001 vs. ischemia), 11.2 Ϯ 4.9% at 20 h (n ϭ 6, 0.1 Ͼ P Ͼ 0.05 vs. ischemia), 11.8 Ϯ 1.8% of control at 30 h (n ϭ 8; P Ͻ 0.01 vs. ischemia), and 37.4 Ϯ 13% of control at 40 h (n ϭ 7; P Ͻ 0.01 vs. ischemia). In a separate group of control animals, a single injection of saline was administered between 9 and 40 h after ischemia and may have caused a small increase in cell survival in CA1, to 5.8 Ϯ 1.2% of control (n ϭ 10, P Ͼ 0.05). Neither Naspm nor saline produced a deleterious action in the CA1 of sham-operated (control) animals (Fig. 3 c, d, and k) . These data suggest a causal role for GluR2-lacking AMPARs in postischemic CA1 cell death. The protection by Naspm at 9-20 h precedes a decrease in GluR2 protein (33) ; however, some expression of GluR2-lacking AMPARs occurs in control hippocampus (42) , and the protective action may have been mediated by block of these receptors. It is highly unlikely that early Naspm would remain at a blocking concentration until the time of the rise in cytoplasmic free Zn 2ϩ , which is not until at least 48 h after injection. Furthermore, the residual Naspm from the earlier injections would be less than that from later injections, although the protection by the earlier injections was greater.
Naspm Blocks the Delayed Rise in Free Zn 2؉ After Global Ischemia in
the Vulnerable CA1 Neurons. Zn 2ϩ at high concentrations is implicated in neuronal death associated with global ischemia, seizures, traumatic brain injury, and other brain disorders (43) (44) (45) (46) . Global ischemia elicits a delayed rise in Zn 2ϩ in selectively vulnerable CA1 neurons, evident at late times after insult but before onset of morphologically apparent cell death (46) (47) (48) . The late rise in Zn 2ϩ may occur by influx through GluR2-lacking AMPARs (49) and͞or by release of Zn 2ϩ from intracellular stores (50, 51) . To address the question of Zn 2ϩ and͞or Ca 2ϩ influx, we examined the impact of Naspm on the late rise in intracellular Zn 2ϩ in CA1 neurons. In sham-operated control hippocampus, TSQ labeling revealed intense fluorescence in the axons of dentate granule neurons in the hilus and stratum lucidum of CA3, which contains the mossy fiber tracts, as well as faint fluorescence in the stratum radiatum and stratum oriens of CA1 and CA3 (Fig. 4a) . Zn 2ϩ fluorescence was not detectable in the CA1 pyramidal cell layer (Fig. 4b, sp) . In adjacent sections, there was minimal staining, with acid fuchsin indicating little acidophilia and early neurodegeneration (Fig. 4c) . In contrast, at 72 h after ischemia, Zn 2ϩ fluorescence was pronounced in the cell bodies of CA1 pyramidal neurons (Fig. 4 g and h) . Acid fuchsin staining was also intense in CA1 neurons (Fig. 4i) , linking neuronal degeneration and Zn 2ϩ fluorescence. Naspm injected intrahippocampally at 40 h after induction of global ischemia markedly attenuated the rise in Zn 2ϩ (Fig. 4 j and k) and appearance of acidophilia at 72 h (Fig. 4l) in five of six animals (of the five animals, two exhibited no acidophilia, in one Ϸ10% of the cells were acidophilic, and in two Ϸ30% of the cells were acidophilic). In separate control experiments, administration of Naspm to sham-operated (control) animals did not detectably alter Zn 2ϩ fluorescence (Fig. 4 d and e) or acid fuchsin staining (Fig. 4f ) in CA1. Prevention of the late rise in Zn 2ϩ by Naspm is consistent with increased neuron survival at 5 d, but the time resolution does not permit us to conclude that Naspm is acting directly to block Zn 2ϩ through GluR2-lacking AMPARs at the later time. It remains possible that Ca 2ϩ uptake at earlier times leads to the later death and rise in Zn 2ϩ .
Discussion
Transient forebrain or global ischemia arising as a consequence of cardiac arrest, cardiac surgery, or near drowning or ischemia that is experimentally induced elicits selective, delayed neuronal death. The most sensitive neurons in terms of insult duration are the hippocampal CA1 pyramidal cells (and scattered hilar interneurons), the loss of which is associated with neurological deficits (2) . A striking event is a late rise in cytoplasmic free Zn 2ϩ in cell bodies of the CA1 neurons just before onset of histologically detectable cell death (46) (47) (48) . Here we show by RT-PCR that global ischemia promotes up-regulation of the transcriptional repressor REST͞neuron-restrictive silencer factor and down-regulation of the AMPAR subunit GluR2 in CA1 as early as 6 h after ischemia. The present study is consistent with previous studies involving in situ hybridization (33) and extends those studies to an earlier time point. We also show that AMPA EPSCs at Schaffer collateral to CA1 pyramidal cell synapses exhibit properties diagnostic of Ca 2ϩ ͞Zn 2ϩ permeable, GluR2-lacking AMPARs. At 40-44 h after ischemia, I-V relations of AMPA EPSCs exhibit pronounced inward rectification, faster decay than control, and enhanced sensitivity to the subtypeselective antagonist Naspm. In contrast, AMPA EPSCs in control slices exhibit electrical linearity, slower decay, and less sensitivity to Naspm. These findings provide functional evidence that global ischemia induces a change in the subunit composition of synaptic AMPARs in postischemic CA1. The findings of an intermediate rectification index compared with those of GluR2-lacking and GluR2-containing AMPARs (10, 16) and partial blockade of AMPA currents by Naspm are consistent with the finding of partial reduction in GluR2 mRNA and protein expression after global ischemia (25, 28) and suggest the presence of a combination of GluR2-containing and GluR2-lacking AMPARs at postischemic CA1 synapses. Our findings differ somewhat from the findings of Liu et al. (29) that hippocampal synapses exhibit a very low rectification index (0.21 Ϯ 0.034) at 12 h after ischemia, which is indicative of an essentially pure population of GluR2-lacking AMPARs. These differences could arise because of differences in the duration of ischemia and͞or the age of animals used in the two studies. Whereas we used 10-min global ischemia in relatively young (P21-P28) rats, Liu et al. used 5-min global ischemia in older (P90) rats. Further experiments will be required to resolve these differences.
We further show that Naspm injected intrahippocampally at 9-40 h after ischemia affords partial protection against global ischemia-induced neuronal death evaluated at 5 d after ischemia. Moreover, Naspm injected at 40 h largely prevents the late rise in Zn 2ϩ in CA1 neurons evaluated at 72 h after ischemia. Our finding that Naspm blocks the late rise in Zn 2ϩ is consistent with findings that the Zn 2ϩ chelator CaEDTA protects CA1 neurons when administered intraventricularly as late as 60 h after ischemia in vivo (46) . Naspm blocks Zn 2ϩ accumulation and affords protection in an acute slice model of oxygen-glucose deprivation in vitro (49) . However, in this preparation, Zn 2ϩ accumulation and cell death are more rapid, occurring by 4 h after oxygenglucose deprivation, and CA3 is as sensitive as CA1. Our finding that late injection of Naspm protects CA1 neurons against ischemia-induced death is also consistent with the finding that overexpression of GluR2(R) AMPAR subunits protects CA1 neurons against global ischemia (29) ; both treatments would reduce Ca 2ϩ and Zn 2ϩ permeation through AMPARs, although by different mechanisms.
The Timing Issue. The rise in Zn 2ϩ to toxic levels and onset of histologically detectable death of CA1 neurons in response to transient global ischemia in vivo does not occur until Ͼ48 h after the insult. In contrast, the pharmacological effective life time of Naspm in vivo, although unknown, is likely to be on the order of several hours; thus, the duration of direct action of Naspm injected at 9 h or even 40 h is unlikely to last until the rise in Zn 2ϩ and death of CA1 neurons. [The duration of action of CaEDTA injected into the lateral ventricle appears to be Ϸ1 h (52) .] Furthermore, the less effective protection afforded by Naspm at 20-30 h relative to that at 9 or 14 h after ischemia indicates that early and late Naspm act by means of distinct mechanisms to protect postischemic CA1 neurons. How then does early Naspm prevent the late rise in neurotoxic Zn 2ϩ ? Under control conditions, GluR2-lacking AMPARs are expressed at low density on distal dendrites of CA1͞CA3 pyramidal neurons (53) (54) (55) . One possibility is that Naspm injected at early times blocks these GluR2-lacking AMPARs, thus preventing influx of Ca 2ϩ and͞or Zn 2ϩ as part of a death cascade that leads to the much later dramatic rise in Zn 2ϩ . The prevention of the late rise in Zn 2ϩ by Naspm at 40 h is consistent with increased neuron survival at 5 d, but the time resolution does not permit us to conclude that even at 40 h Naspm is acting directly to block Zn 2ϩ influx through GluR2-lacking AMPARs at the later time.
The Source of the Late-Appearing Zn 2؉ . An important unresolved issue is the source of the free Zn 2ϩ in CA1 neurons that appears long after ischemia. Early studies proposed that anoxic depolarization or hyperactivity caused Zn 2ϩ to be released from presynaptic vesicles and translocated into postsynaptic neurons (47, 56) . This notion was predicated in part on measurements of Zn 2ϩ release from presynaptic terminals of the hippocampus (57). However, Zn 2ϩ accumulates in degenerating CA1͞CA3 pyramidal neurons of ZnT-3-null mice after kainate-elicited seizures despite the virtual absence of vesicular Zn 2ϩ (50) . These findings suggest that the accumulation of free Zn 2ϩ in postischemic neurons of wild-type animals originates from sources other than synaptic vesicles as, for example, intracellular stores. Consistent with this mechanism, exposure of neurons in culture to oxidative stress promotes the release of Zn 2ϩ from metallothioneins and other intracellular stores, an event that may be critical to the initiation of neuronal apoptosis (51) .
Mechanisms by Which Late Zn 2؉ Promotes Neuronal Death. The molecular mechanisms by which Zn 2ϩ mediates neuronal death have begun to be unraveled. Whereas Zn 2ϩ at relatively low concentrations (Ϸ20 M) elicits neuronal death with the characteristics of apoptosis, Zn 2ϩ at higher concentrations (50-100 M) elicits neuronal death with the characteristics of necrosis (58) . Mechanisms by which Zn 2ϩ elicits neuronal death include the production of free radicals, loss of mitochondrial membrane potential, formation of the mitochondrial transition pore, release of cytochrome c, production of reactive oxygen species, and reduction in ATP (43) (44) (45) 59 ). Whereas Zn 2ϩ at near physiological concentrations is necessary for the breakdown of the functional integrity of the mitochondrial outer membrane, caspase activation, and transcriptional events critical to cell death, late Zn 2ϩ at high intracellular concentrations promotes the induction of p75 NTR , p75 NTR -associated death executor in neurons, DNA fragmentation, and apoptosis (46, 48) .
Clinical Implications. Perhaps the most striking findings of the present study are that late Naspm administration largely prevents the late rise in Zn 2ϩ and affords partial neuroprotection of CA1 neurons. These findings implicate GluR2-lacking AMPARs expressed at CA1 synapses at late times after ischemia in the late rise in Zn 2ϩ and death of CA1 neurons. However, the time resolution does not permit the inference that Naspm is blocking uptake of the late-appearing cytosolic free Zn 2ϩ . In addition, the early opening of the therapeutic window suggests that blocking GluR2-lacking receptors, which are expressed at low density in hippocampal neurons under physiological conditions, can also lead to neuroprotection. The therapeutic window is open for a remarkably long period, like that for protection by Zn 2ϩ chelation with CaEDTA (46) . For CaEDTA, also, the source of late cytosolic free Zn 2ϩ is ambiguous; by reducing extracellular Zn 2ϩ , CaEDTA may prevent Zn 2ϩ inf lux or it may ''suck'' Zn 2ϩ out of the cell that otherwise would accumulate from intracellular stores. Ca 2ϩ -permeable AMPARs are implicated in the neuronal death associated with other neurological insults and disorders, including seizures (23, 24, 60 -62) , kainic-induced excitotoxicity (44, 63, 64) , spinal cord injury (44, 65) , amyotrophic lateral sclerosis (66, 67) , and Alzheimer's disease (68) . The present study provides further compelling evidence for a causal role for GluR2-lacking AMPARs in delayed hippocampal injury and highlights GluR2-lacking AMPARs as an important therapeutic target for intervention in the delayed neuronal death associated with neuronal insults and neurological disorders.
